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Commensurate antiferromagnetic ordering has been ob-
served in the superconducting high-Tc cuprate YBa2Cu3O6.5
(Tc=55 K) by polarized and unpolarized elastic neutron scat-
tering. The magnetic peak intensity exhibits a marked en-
hancement at Tc. Zero-field µSR experiments demonstrate
that the staggered magnetization is not truly static but fluctu-
ates on a nanosecond time scale. These results point towards
an unusual spin density wave state coexisting with supercon-
ductivity.
The coexistence of superconductivity with an anti-
ferromagnetic (AF) state has recently been reported in
certain Ce based heavy fermion systems under pressure
[1], inspiring theories of spin fluctuation mediated pair-
ing of electrons in these systems. In contrast, the an-
tiferromagnetic and superconducting phases of the cop-
per oxide high-Tc superconductors are generally consid-
ered to be well separated. However, since the early
days of high temperature superconductivity, there have
been persistent reports of local magnetic moments in the
metallic and superconducting regimes of the phase dia-
gram. Specifically, zero-field muon spin resonance (ZF-
µSR) measurements [2,3] in both La2−xSrxCuO4 and
Y1−xCaxBa2Cu3O6 compounds provide indications of a
microscopic coexistence of superconductivity (Tc ≤ 50
K) and frozen magnetic moments at low temperature
(T ≤ 10 K), and Mo¨ssbauer spectroscopy shows low tem-
perature spin freezing up to x ≤ 0.66 in YBa2Cu3O6+x
[4]. Both µSR and Mo¨ssbauer spectroscopies are lo-
cal probes that provide no information about the spa-
tial correlations of the magnetic moments. An early
observation of coexistence between superconductivity
and antiferromagnetism from neutron measurements in
YBa2Cu3O6.55 has remained unconfirmed [5]. More re-
cently, an incommensurate magnetic ordering below a
critical temperature Tm has been observed by elastic
neutron scattering in La2CuO4-family superconductors
[6]. Interestingly, this magnetic phase coexists with su-
perconductivity in a certain doping range. In super-
oxygenated LaCuO4+δ, Tm and Tc are actually identi-
cal (Tc=42 K), whereas Tm remains larger than Tc in
La1.6−xNd0.4SrxCuO4+δ compounds for x≤ 0.2.
Here we report the observation, by neutron scatter-
ing, of commensurate AF order in the superconducting
compound YBa2Cu3O6.5 (Tc=55 K), using polarized and
unpolarized elastic neutron scattering. This AF order de-
velops at a high temperature (TN=310 K) and is charac-
terized by a large correlation length around 100A˚, but the
low temperature staggered magnetization remains weak,
m0 = 0.05µB. Observation of such a small moment with
a large TN is reminiscent of a SDW state observed in
itinerant magnets [7]. Interestingly, the magnetic signal
around the AF Bragg reflections exhibits a significant
enhancement at Tc. Finally, ZF-µSR measurements car-
ried out on the same sample show that the AF staggered
magnetization is not truly static but fluctuates with a
characteristic frequency in the µeV range.
The exper-
iments were performed on a large YBa2Cu3O6.5 single
crystal (∼ 23 g) grown using the top seed melt textur-
ing method [8]. The sample was subsequently annealed
to achieve an oxygen concentration of x = 0.5 [9]. We
checked by neutron measurements at room temperature
the presence of the Q = (2.5, 0, 5) Bragg peak character-
istic of the orthorhombic-II phase [9] and derive the cor-
relation lengths: ξab ≃ 20 A˚ and ξc ≃ 12 A˚. This demon-
strates well ordered CuO chains and hence uniform hole
doping within the CuO2 planes. The sample displays a
sharp superconducting transition at Tc=55 K, measured
by a bulk-sensitive neutron depolarization technique [8].
Neutron scattering experiments were carried out on the
4F1 and 4F2 cold triple axis spectrometers at the re-
actor Orphe´e in Saclay (France). These spectrometers
are equipped with double monochromators consisting of
two Pyrolithic Graphite (PG) crystals whose (002) reflec-
tions were set to select the incident wave vector kI= 1.48
A˚−1. For unpolarized neutron scattering measurements
we used a PG(002) analyzer. Two filters, Be and PG,
were used to remove higher order contamination. Po-
larized neutron scattering experiments were performed
with a bender to polarize the incident beam and with a
Heusler (111) analyzer. A conventional polarized neutron
setup [10] was used with a flipper in the scattered beam
to rotate the neutron spin polarization by 180◦ and a
magnetic guide field H to preserve the neutron polariza-
tion. The (110) and (001) directions of reciprocal space
were within the horizontal scattering plane. We quote
the scattering vector Q = (H,K,L) in units of the re-
ciprocal lattice vectors a∗ ∼ b∗=1.63 A˚−1 and c∗=0.53
A˚−1.
The elastic signal was discovered in the course of
unpolarized elastic neutron scattering experiments on
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superconducting YBa2Cu3O6.5 around the wavevectors
Q = (0.5, 0.5, L) for L 6= 0 integer. The structure factor
of this diffraction pattern is identical to that of the un-
doped AF parent compound YBa2Cu3O6. Fig. 1a shows
the temperature dependence of the intensity measured
at two of these wave vectors: L=1,2. The strong tem-
perature dependence, as well as the presence of two fil-
ters in the beam, ensures that the signal is not due to
λ/2 contamination, and extensive polarized beam ex-
periments (below) demonstrate that the signal is indeed
of magnetic origin. The intensity exhibits a sharp on-
set at a “Ne´el” temperature of TN=310 K. From TN
down to Tc=55 K, the magnetic intensity continuously
increases, following the power law: (1 − T/TN)
2β with
β=0.25 (dashed line in Fig. 1a). Surprisingly, another
marked upturn of the AF intensity is observed at the su-
perconducting transition temperature Tc (Fig. 1b). After
calibration against nuclear Bragg reflections, the stag-
gered moment at T=60 K is found to be m0 ∼ 0.05µB
(assuming a homogeneous distribution of the magnetic
moments at all copper sites in the plane), that is, more
than an order of magnitude smaller than in the insu-
lating parent compound YBa2Cu3O6 [11,12]. The small
moment (which translates into an elastic magnetic cross
section more than two orders of magnitude smaller than
that of YBa2Cu3O6) explains why the signal could not be
measured in previous neutron measurements on smaller
samples.
We next describe polarized beam experiments designed
to confirm the magnetic origin of the signal and to de-
termine the moment direction. The matrix element for
magnetic neutron scattering can be written as [13]
〈m′|−→σ •
−→
M⊥|m〉 (1)
where |m〉, |m′〉 = | ± 1
2
〉 are the initial and final states
of the neutron spin, −→σ is the neutron spin Pauli matrix,
and
−→
M⊥ is the component of the electronic magnetic mo-
ment perpendicular to the scattering vector Q. Note that
the functional form of the matrix element does not de-
pend on whether
−→
M originates in the spin or the orbital
motion of the electrons. The direction of the neutron
spin quantization axis at the sample position is selected
by a small guide field H. From Eq. (1) one sees that the
magnetic intensity is entirely spin-flip (SF) when H//Q.
WhenH⊥Q, on the other hand, the ratio of magnetic in-
tensities in SF and non-spin-flip (NSF) channels depends
on the orientation of
−→
M .
Figs. 2a-d show rocking scans performed around Q =
(0.5, 0.5, 1) at T= 60 K. The two-peak profile is due
to two crystallographic grains in our sample (a rocking
scan through a nuclear reflection with the same profile
is shown in the inset). For H//Q a peak is seen only
in the SF channel (Fig. 2a), while the measured scat-
tering intensity in the NSF channel remains featureless
(Fig.2b). This proves that the observed signal is of mag-
netic origin. The results for H⊥Q in Figs.2c-d then pro-
vide information about the orientation of the magnetic
moments. The full elastic magnetic cross section is pro-
portional to 1
2
〈M〉2a,b(1 + sin
2 θl) + 〈M〉
2
c cos
2 θl, where
θl stands for the angle between Q and the (110) direc-
tion (θl=25
◦ for Q = (0.5, 0.5, 1)), and 〈M〉a,b and 〈M〉c
represent the thermodynamic averages of the magneti-
zation within the a, b plane and perpendicular to it, re-
spectively. (Note that a and b directions are superposed
in our experiment due to twinning). For H along (110)
perpendicular to the scattering plane (Figs.2c-d), this in-
tensity is apportioned such that the SF channel mea-
sures 〈M〉2a,b
1
2
sin2 θl+ 〈M〉
2
c cos
2 θl and the NSF channel
measures 1
2
〈M〉2a,b. The weak intensity observed in the
SF channel (Fig.2c) and the larger intensity in the NSF
channel demonstrate that the magnetic moments are pre-
dominantly within the basal a, b plane. Additional mea-
surements with H⊥Q but for H in the scattering plane
corroborate this conclusion.
Both the moment direction and the structure fac-
tor of the magnetic order observed in YBa2Cu3O6.5 are
thus similar to those of the undoped parent compound.
One possible interpretation of this observation, namely
macroscopic or mesoscopic concentration gradients of
oxygen leading to an inhomogeneous charge distribution,
can be ruled out. First, the shapes of the rocking curves
around the AF Bragg reflections (Fig. 2a,c,d) exactly re-
produce those of the nuclear Bragg reflections (insert in
Fig. 2b). The observed double peak structure originates
from two distinct grains in our sample, which are sepa-
rated by a tilt angle of 2.5◦. The volume ratio of these
grains is found the same for structural and magnetic scat-
tering, ruling out phase segregation where magnetic or-
der only occurs in a small part of the sample. Second, we
observe a sharp transition with TN = 310 K whereas in
the case of an inhomogeneous sample one would expect
a broad distribution of transition temperatures starting
from TN = 410 K, the Ne´el temperature of the undoped
compound. Conversely, the superconducting transition
of our sample measured by a bulk-sensitive technique is
also very sharp. Third, we observe a marked increase of
the magnetic intensity at Tc; a minority phase of the un-
doped compound would not be affected by superconduc-
tivity. Finally, while the Ne´el state in the undoped insu-
lator is associated with a static staggered magnetization,
the µSR measurements described below show that such
a static moment is absent in YBa2Cu3O6.5. These obser-
vations imply the absence of large-scale inhomogeneities
in our sample.
A quantitative analysis of Figs. 2a and 2d reveals a sys-
tematic broadening of the rocking curve around the AF
Bragg reflection Q = (0.5, 0.5, 1) with respect to the nu-
clear one, indicating finite size AF correlations. At 60 K,
an anisotropic correlation length, ξa ≃ 20a and ξc ≃ 9c, is
determined from scans along (110) and (001) around the
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AF Bragg reflections. From 60 K up to TN , these corre-
lation lengths remain constant within the error bars. At
60 K, the intensity ratio (peak amplitude) between the
AF Bragg reflections I(L = 1)/I(L = 2) = 0.67 ± 0.05
is somewhat larger than expected for localized (dx2−y2)
Cu spins aligned in the plane [12,14]. The analysis of
the magnetic structure factor over several AF peaks (not
presented here) actually shows a form factor decreasing
faster at large |Q|, consistent with more delocalized mag-
netic states.
Below Tc, we observe a pronounced broadening of the
magnetic reflections that goes along with the upturn in
the peak intensity. We have performed scans around
Q=(0.5,0.5,2) along both the (110) and the (001) di-
rections at T= 5 K and T= 60 K whose differences
are reported in Fig. 1.c and Fig. 1.d, respectively. The
additional low temperature intensity remains centered
at Q = (0.5, 0.5, 2), but because of the broadening it
becomes observable all along Q = (0.5, 0.5, L), for in-
stance at Q = (0.5, 0.5, 1.7) as shown in Fig. 1b. The
observed momentum broadening cannot simply be at-
tributed to a decrease of the AF correlation length in
the superconducting phase, because the peak intensity
at Q = (0.5, 0.5, 2) intensity shows an upturn below Tc,
rather than the downturn expected if the integrated in-
tensity remained constant. It is therefore more appro-
priate to consider the development of a second type of
AF order (with much shorter correlation length) below
Tc, in addition to the one already present in the normal
state. Figs. 1c-d have thus been fitted as a superpo-
sition of two contributions centered at the wave vector
Q = (0.5, 0.5, 2). The sharper one, with a Gaussian pro-
file with ∆q=0.0135 A˚−1, corresponds to the continu-
ous increase of the magnetic response observed above Tc
(shaded peaks in Fig. 1c-d). The second contribution,
with a broader Lorentzian profile, is characterized by an
onset at Tc and an anisotropic correlation length: ξab ≃
22 A˚ (∆q=0.02 A˚−1, Fig. 1.c) and ξc ≃ 9 A˚ (∆q=0.046
A˚−1, Fig. 1d). It is noteworthy that the superconduct-
ing coherence length, ξSC, in high-Tc superconductors is
similarly anisotropic; in particular ξSCab ∼ 20A˚ and ξ
SC
c ∼
3-7 A˚ [15] in YBa2Cu3O6+x. The second order parame-
ter below Tc accounts for only 15 % of the overall mag-
netic peak intensity (Fig. 1.a), but because of its broader
structure in q-space its integrated intensity (∼ 0.07µB)
is comparable to that of the first component above Tc.
Additional higher resolution (smaller kI) measure-
ments show that the signal remains resolution limited
in energy when the resolution is tightened to ∼50 µeV.
Thus, the observed AF order appears static on a time
scale shorter than ∼10−10 s. In order to obtain sensi-
tivity to spin fluctuations on a larger time scale, ZF-
µSR measurements were performed at the GPS beamline
of the Paul-Scherrer-Institute (PSI) in Villigen, Switzer-
land, on a piece cut from the same sample. For T>60 K
only a very slow depolarization of the muon spin polar-
ization P (t) is observed which is due to the nuclear Cu
moments and is well described by a Kubo-Gauss func-
tion (KG) with a damping rate of 0.12 µs−1 [3]. Static
AF ordered moments of size 0.05 µB (as indicated by
the neutron data) should give rise to an oscillating sig-
nal with a precession frequency of about 0.4 MHz, that
is, about 1/10 the value that is typically observed in
YBa2Cu3O6 [3]. Even under the assumption that these
static electronic magnetic moments are strongly disor-
dered, we should still observe a rapid depolarization with
a rate of Λ1 ∼ 2.5µs
−1. The circumstance that this is
clearly not observed implies that the magnetic moments
fluctuate on a time scale longer than the one of the neu-
tron scattering experiment (10−10 s) but much shorter
than the one of the µSR experiment (10−6 s). As shown
in the inset of Fig. 3, the depolarization becomes some-
what faster at low temperatures, and the shape of P (t)
gradually changes from Gaussian to exponential. The
inset of Fig. 3 shows the result of a fit using the func-
tion P (t) = P (0) ×KG × exp(−Λ1t). The KG-function
describes the contribution of the nuclear Cu-moments
which should be T-independent; the KG depolarization
rate thus has been fixed to the value at 150 K, i.e. 0.12
µs−1. The exponential function describes the depolariza-
tion due to the rapidly fluctuating electronic moments.
Figure 3 shows the T-dependence of Λ1 as given by the
scale on the left hand side. For the limit of rapidly
fluctuating moments having a characteristic relaxation
rate τc (γµBµ << τc) and under the assumption that
the field Bµ ≈ 40 G at the muon site is determined by
the neutron scattering measurements above, we obtain
τc = Λ1/(γµBµ)
2 = Λ1/6.3 [µs] as shown by the scale on
the right hand side of Fig. 3.
In summary, an unusual commensurate AF phase, with
in-plane magnetic moments fluctuating on a nanosecond
time scale, is found to coexist with superconductivity in
YBa2Cu3O6.5. As in itinerant magnetic systems [7], we
observe a small value of the ordered moment (∼ 0.05µB at
T=60 K) together with a large TN= 310 K. The observed
commensurate structure is not compatible with stripe or-
dering whose structure in momentum space is incommen-
surate. A disorder-induced AF long-range ordered state
with spatially inhomogeneous local moment has been pre-
dicted in the spin gap phase of the cuprates [16]. The
coexistence of an AF SDW state and d-wave supercon-
ductivity has also been considered theoretically [17–19].
It has been shown that when both states coexist there
are unusual coherence effects and a pi-triplet supercon-
ducting order parameter appears at Tc (when Tc ≤ TN).
Electrons in the superconducting condensate may thus
contribute the unusual neutron scattering response we
observe below Tc. Finally, it was shown very recently
that the staggered orbital current patterns proposed ear-
lier [20] can produce in-plane magnetic moments under
certain conditions [21].
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FIG. 1. a) Temperature dependence of the magnetic in-
tensity measured at Q = (0.5, 0.5, 2) (with an unpolarized
beam) and (0.5, 0.5, 1) (with a polarized beam) scaled to each
other. From TN=310 K down to Tc=55 K, the magnetic
intensity increases as a power law (dashed line). b) En-
hancement of the low temperature static magnetic response at
Q = (0.5, 0.5, 2) and (0.5, 0.5, 1.7) with respect to the mag-
netic scattering at 60 K. The dashed line and the shaded
area extrapolate down to low temperature the temperature
dependence of the (0.5, 0.5, 2) magnetic Bragg reflection as
measured above Tc (panel a). c and d) Difference between
scans at T=5 K and T=60 K measured around (0.5, 0.5, 2)
along (110) and (001), respectively.
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FIG. 2. Polarized neutron scattering measurements at
T=60 K, showing rocking scans at Q = (0.5, 0.5, 1) in both
SF and NSF channels for two different magnetic guide field
directions (see text). The inset shows a rocking scan at the
nuclear Bragg reflection (1,1,0), measured by unpolarized neu-
tron scattering. The double peak structure originates from
two distinct crystallites in the sample.
0 25 50 75 100 125 150 175 200
0,00
0,01
0,02
0,03
0,04
0,05
 
 

Λ
1 
(m
 s
-
1
)
T (K)
0 2 4 6 8
0,4
0,6
0,8
1,0
80 K
20 K
t (ms)
 
P(
t)/(
0)
0
2
4
6
 

 
 
τ
c
 
(ns
)
FIG. 3. Temperature dependence of the ZF-µSR relax-
ation rate Λ1 (left scale) and relaxation rate of the magnetic
moments τc (right scale). Inset: time dependent muon spin
polarization at T=20 K and 80 K.
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